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Ureaplasma urealyticum respiratory tract colonization in preterm infants has been associated with a high in-
cidence of pneumonia and the development of bronchopulmonary dysplasia. However, study of this human path-
ogen has been hampered by the absence of animal models. We have developed the first juvenile mouse model
of Ureaplasma pneumonia and characterized the histopathology during the month following inoculation. C3H/
HeN mice were inoculated intratracheally with a mouse-adapted clinical Ureaplasma isolate (biovar 2) or sham
inoculated with 10B broth. Culture of lung homogenates and PCR of DNA from bronchoalveolar lavage fluid
(BAL) confirmed the presence of Ureaplasma in 100% of inoculated animals at 1 day, 60% at 2 days, 50% at 3 days,
and 25% at 7 and 14 days. Ureaplasma was undetectable 28 days postinoculation. There were marked changes
in BAL and interstitial-cell composition with increased number of polymorphonuclear leukocytes 1 to 2 days
and 14 days postinoculation and macrophages at 2 and 14 days postinoculation. The Ureaplasma infection caused
a persistent focal loss of airway ciliated epithelium and a mild increase in interstitial cellularity. There were
no differences in BAL protein concentration during the first 28 days, suggesting that pulmonary vascular en-
dothelial barrier integrity remained intact. Comparison of BAL cytokine and chemokine concentrations revealed
low levels of tumor necrosis factor alpha (TNF-�) at 3 days and monocyte chemoattractant protein 1 at 7 days
in Ureaplasma-infected mice but a trend toward increased TNF-� at 14 days and increased granulocyte-mac-
rophage colony-stimulating factor and interleukin-10 at 28 days. These data suggest that Ureaplasma alone may
cause limited inflammation and minimal tissue injury in the early phase of infection but may promote a mild
chronic inflammatory response in the later phase of infection (days 14 to 28), similar to the process that occurs in
human newborns.

Ureaplasma urealyticum is a mucosal pathogen of humans
that lacks a cell wall and that is subtyped into two biovars and
14 serovars (24). Based on significant genotypic differences
between the two biovars, it has been proposed to separate the
species previously known as U. urealyticum into two new spe-
cies, Ureaplasma parvum (biovar 1 containing serovars 1, 3, 6,
and 14) and Ureaplasma urealyticum (biovar 2 containing se-
rovars 2, 4, 5, and 7 to 13) (23, 24). Because Ureaplasma is a
commensal in the adult female genital tract, it has been con-
sidered of low virulence. However, Ureaplasma is the most
common organism isolated from women with obstetric com-
plications (15, 38, 48). Ureaplasma has been isolated from
blood, cerebrospinal fluid, tracheal aspirates, and lung tissue of
newborn infants (30, 44). Respiratory tract colonization in
preterm infants has been associated with a high incidence of
pneumonia (10, 32), severe respiratory failure and death (30),
and the development of bronchopulmonary dysplasia (BPD)
(1, 35, 47). Some serovars have been implicated in adverse
pregnancy outcomes more commonly than others (2, 16, 19,
49). Although U. parvum is more commonly isolated from
clinical specimens (2, 19), there is a higher rate of BPD in

U. urealyticum-colonized infants (2). This suggests that the
latter biovar may be more virulent.

Recent studies suggest that Ureaplasma may contribute to
neonatal lung injury by augmenting the pulmonary inflamma-
tory response. Preterm intubated infants who were colonized
with Ureaplasma had higher tracheal aspirate interleukin-1�
(IL-1�) concentrations and neutrophil chemotactic activity on
the first day of life than noncolonized infants (17). We previous-
ly observed that Ureaplasma respiratory tract colonization in
infants of �1,250 g birth weight was associated with increases
in tracheal aspirate concentrations of proinflammatory cyto-
kines tumor necrosis factor alpha (TNF-�), IL-1�, and IL-8
relative to counterregulatory cytokine IL-6 in the first week of life
(34). The stimulatory effect of Ureaplasma on cytokine release
has been confirmed in vitro. We previously reported that Urea-
plasma alone and in combination with bacterial endotoxin (lipo-
polysaccharide [LPS]) induced concentration- and development-
dependent changes in cytokine release by cultured monocytes
from preterm and full-term newborns and adults (27). In that
study, in vitro inoculation with low-inoculum Ureaplasma (103

color changing units [CCU]) (i) stimulated TNF-� and IL-8
release by preterm cells, (ii) augmented LPS-stimulated TNF
release in all cells, and (iii) partially blocked LPS-stimulated
IL-6 release by all cells and reduced LPS-stimulated IL-10
release by preterm cells. These data suggest that Ureaplasma
might enhance the proinflammatory response to a second in-
fection by stimulating proinflammatory cytokine (TNF-� and
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IL-8) expression and blocking counterregulatory cytokine (IL-
6 and IL-10) expression, thereby predisposing the preterm in-
fant to prolonged, dysregulated inflammation, lung injury, and
impaired clearance of secondary infections.

Previously, experimental animal models have been limited to
preterm baboons (46) and newborn mice (39). The former
model is limited by its high cost, and the latter is limited by the
technical demands and lack of available tissue due to the size
of neonatal mice. To facilitate further analysis of the host re-
sponse to Ureaplasma infection, we have developed the first mu-
rine model of Ureaplasma pneumonia in juvenile mice. In the
present study, we describe the changes in cell composition of
bronchoalveoalar lavage fluid (BAL), parenchymal inflamma-
tion, indices of injury, and lung histology during 4 weeks after
inoculation with a clinical isolate of U. urealyticum (biovar 2).

MATERIALS AND METHODS

Animals. Eight-week-old Mycoplasma pulmonis-free CD-1 outbred mice and
C3H/HeN mice were obtained from Charles River (Wilmington, Mass.) and
were housed in the Central Animal Facility of the University of Maryland at
Baltimore in autoclaved microisolation cages with autoclaved bedding by using
standard barrier techniques. The protocol was approved by the University of
Maryland Institutional Animal Care and Use Committee.

Inoculation. In initial experiments groups of three CD-1 outbred and C3H/
HeN mice were inoculated intratracheally with 106 CCU of either American
Type Culture Collection (ATCC; Manassas, Va.) serotype 3 reference strain or
a clinical isolate from a human preterm infant with BPD identified as U. urea-
lyticum (biovar 2) by biovar-specific primers (24). Twenty-four hours after inoc-
ulation the lungs were harvested, homogenized, and cultured in 10B broth.
Despite repeated attempts, no viable organisms were recovered from mice of
either strain inoculated with the ATCC serotype 3 reference strain or CD-1 mice
inoculated with the clinical isolate. Two-thirds of C3H/HeN mice inoculated with
the clinical isolate were culture positive after 24 h. Recovered Ureaplasma was
passaged in media and passaged again in C3H/HeN mice sacrificed 24, 48, and
72 h postinoculation. Ureaplasma recovered from one mouse at 72 h (mouse-
adapted isolate) was grown to late log phase in 10B medium (40) and aliquoted
at 107 CCU/ml (37) and frozen at �70°C. Prior to intratracheal inoculation, mice
were anesthetized with 10 mg of xylazine/kg of body weight and 65 mg of
ketamine/kg intraperitoneally. Each mouse was inoculated intratracheally with
106 CCU of the mouse-adapted U. urealyticum isolate in 100 �l of 10B broth by
instilling the inoculum into the posterior pharynx of an anesthetized mouse while
it was suspended in a vertical position and prevented from swallowing by gentle
extension of the tongue. Control mice received 10B broth alone. The mice were
maintained in this position until aspiration was witnessed (disappearance of
inoculum from the posterior pharynx and retraction of the chest wall). Groups of
four mice were sacrificed 1, 2, 3, 7, 14, and 28 days postinoculation for bron-
choalveolar lavage and analysis of lung tissue for Ureaplasma by culture and
PCR. Additional groups of four mice were sacrificed at the same time points, and
lungs were collected for histology and immunohistochemical analysis. Untreated
mice were sacrificed at a single time point.

Bronchoalveolar lavage. Bronchoalveolar lavage was performed in situ
through a 21-gauge blunt-end needle secured in the trachea by using 1 ml of
phosphate-buffered saline (PBS) instilled and withdrawn twice, followed by in-
stillation and recovery of a second 1-ml aliquot of PBS. BAL was stored at 4°C
until cells were collected by centrifugation at 1,000 � g for 3 min. Cell-free
supernatants were stored at �80°C for analysis of total-protein and cytokine
concentrations. Total-cell counts were performed manually with a hemacytom-
eter, and differential cell counts of Diff-Quick-stained cytopreparations were
performed by two blinded observers (J.K. and R.M.V.) using morphological
criteria. BAL protein was measured by the Bradford method (5).

Cytokine ELISA. A broad selection of cytokines and chemokines that have
been associated with lung injury (11, 12, 31, 42) and/or the development of BPD
(3, 4, 22, 25, 33) were selected for study. Murine TNF-�, major inflammatory
protein 2 (MIP-2), the mouse analogue of human growth-related protein alpha
(KC), granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte
chemoattractant protein 1 (MCP-1), IL-6, IL-10, and IL-11 concentrations were
measured in the UMB Cytokine Core Laboratory by using standard two-anti-
body enzyme-linked immunosorbent assays (ELISA) with commercial antibody
pairs and recombinant standards (TNF-� from Biosource, Camarillo, Calif.;

IL-6, IL-10, and GM-CSF from Pierce/Endogen, Woburn, Mass.; KC, MCP-1,
MIP-2, and IL-11 from R & D Systems, Minneapolis, Minn.) as previously
described (21). A curve was fit to the standards with a computer program
(Softpro; Molecular Devices), and cytokine concentrations from each sample
were calculated from the standard curve. Samples were analyzed in duplicate.
Lower limits of detection were 3.9, 62.5,15.6, 3.125,15.6, 3.1, 7.8, and 31.2 pg/ml
for TNF-�, MIP-2, KC, GM-CSF, MCP-1, IL-6, IL-10, and IL-11, respectively.

Lung culture. Following lavage the lungs were removed and processed for
Ureaplasma culture. The lungs were homogenized between the frosted ends of
sterile glass slides and placed in 10B broth. After a 24-h inoculation, 200 �l of the
lung culture was added to 2 ml of fresh 10B broth. The tubes were incubated at
37°C in 95% air–5% CO2. If color change occurred, 0.3 ml of inoculum was
plated on A7 agar (Northeast Laboratory, Waterville, Maine). Tube cultures and
plates were examined daily for 2 weeks for color change and typical colonies of
Ureaplasma, respectively.

PCR. DNA was extracted from BAL with Qiagen columns according to the
manufacturer’s protocol (Qiagen, Valencia, Calif.). Each 50 �l of reaction mix-
ture contained 20 mM Tris (pH 8.4); 50 mM KCl; 1.5 mM MgCl2; 200 �M (each)
dATP, dGTP, dTTP, and dCTP; 2.5 U of Taq polymerase (Platinum PCR
supermix; Gibco-BRL, Grand Island, N.Y.); 10 �l of sample, and 20 pmol each
of primers UMS 170 (GTA TTT GCA ATC TTT ATA TGT TTT CG) and
UMA 263 (TTT GTT GTT GCG TTT TCT G) (synthesized by Gibco-BRL)
(24). The reaction mixtures were subjected to the following thermal cycling
parameters in the Robocycler 40 (Stratagene): 1 cycle of 95°C for 5 min; 40 cycles
of 95°C for 45 s, 54°C for 45 s, and 72°C for 45 s; and 1 cycle of 72°C for 7 min.
Positive (100 CCU of U. urealyticum serotype 8; ATCC) and negative (sterile
water) controls were processed in parallel with the test samples to detect false
negatives and contamination, respectively. PCR products (10 �l) were analyzed
by electrophoresis in 1.5% agarose gels stained with 0.5 �g of ethidium bromide/
ml. A DNA product band of 476 bp visualized by UV illumination was consid-
ered positive.

Histology. Animals were sacrificed by CO2 narcosis and cervical dislocation.
The anterior chest wall was removed, the trachea was cannulated with a 21-gauge
blunt needle, and the lungs were inflated in situ with 10% buffered formalin at
20 cm of H20 pressure. The trachea and both lungs were removed en bloc and
fixed in formalin. The formalin-fixed sections were analyzed for inflammation
and injury by a blinded observer (S.R.). For immunohistologic analysis, lungs
were harvested for frozen sectioning by inflation with a fixed 0.7-ml volume of
50% OCT diluted 1:1 with PBS. The lungs were embedded in undiluted OCT,
and 8-�m-thick cryosections were cut and fixed with acetone for 3 min at �20°C
and stored at �80°C for immunostaining. Slides were washed in PBS at 25°C for
20 min. Endogenous peroxidase was inactivated by incubation for 10 min with
30% hydrogen peroxide in methanol at 25°C. Nonspecific signal was reduced by
sequential blocking with 5% (vol/vol) serum in PBS for 30 min and then with a
commercial avidin-biotin blocking kit (Vector; Burlingame, Calif.) according to
the manufacturer’s instructions. The blocked slides were sequentially incubated
with the primary antibody for 1 h, a secondary antibody (in some cases) for 30
min, a commercial avidin-biotin peroxidase detection system (Vector) according
to the manufacturer’s instructions, and 1 mg of diaminobenzidine (Sigma) in
0.02% hydrogen peroxide in PBS. All blocking and subsequent incubations were
at 25°C. The blocking serum, primary, and secondary antibodies used for each
cell type are as follows. For macrophages, the serum was mouse serum, the
primary antibody was 1 �g of rat anti-mouse Mac-3/ml, and the secondary
antibody was 2.5 �g of biotinylated goat anti-rat immunoglobulin G1 and G2a
(both from BD-Pharmingen, San Diego, Calif.). For polymorphonuclear leuko-
cytes (PMN), the serum was bovine serum, and the primary antibody was 2.5 �g
of biotinylated rat anti-mouse Gr-1 (BD-Pharmingen)/ml. Immunostained slides
were counterstained with hematoxylin as described in the manufacturer’s proto-
col (BD Sciences) and were scored by a blinded observer (R.M.V.) by counting
the number of positively stained cells in each high-power field (hpf). Four fields
from comparable regions were counted in each section.

Statistical analysis. All data are presented as means � standard errors (SE).
Differences among experimental and sham-treated and untreated control groups
at each time point and within-group comparisons over time were tested by a
Fisher protected least-squares difference applied to a one-way analysis of vari-
ance. A P value of �0.05 was considered significant. Since there were no differ-
ences between untreated and broth-inoculated controls, only the differences
between the experimental and broth-inoculated controls are shown in the figures.

RESULTS

U. urealyticum clearance. None of the Ureaplasma-inoculat-
ed mice appeared ill, and there was no mortality. Culture of
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lung tissue and PCR of DNA from BAL confirmed the pres-
ence of Ureaplasma in 100% of inoculated animals at 24 h,
60% at 48 h, 50% at 72 h, 25% at 7 and 14 days, and 0% at 28
days (Fig. 1). Ureaplasma was detected by PCR, but not by lung
culture, in 25% of inoculated mice at 24 h, 48 h, 72 h, and 14
days, suggesting that detected Ureaplasma cells in these ani-
mals were nonviable organisms. All lungs of broth-inoculated
and untreated mice were culture and PCR negative.

U. urealyticum infection stimulated a neutrophil and mac-
rophage influx into the lungs. Ureaplasma inoculation stimu-
lated significant changes in BAL cell composition character-
ized by an influx of PMN and macrophages. Total BAL cell
counts were 2-, 4.4-, 3.7-, and 1.7-fold higher at 1, 2, 14, and 28
days postinoculation (all P � 0.05), respectively, in the Urea-
plasma-inoculated mice than in the broth-inoculated controls
(Fig. 2). Two peaks of BAL PMN accumulation occurred at 24
to 48 h (9.7- and 11-fold-higher numbers of PMN in Ureaplas-
ma-inoculated mice than in controls) and 14 days postinoc-
ulation (23-fold-higher numbers of PMN in Ureaplasma-inoc-
ulated mice than in controls) (Fig. 3A). BAL macrophage
content of Ureaplasma-inoculated mice paralleled PMN con-
tent, increasing to 3.8 and 2.7 times control levels at 2 and 14
days postinoculation, respectively (Fig. 3B).

Immunohistochemistry with cell-specific antibodies revealed
2.1-, 2.3-, and 4.5-fold-higher numbers of PMN/hpf in lungs of
Ureaplasma-inoculated mice than in broth-inoculated controls
at 2, 14, and 28 days, respectively (all P � 0.05) (Fig. 4A). By
24 to 48 h postinoculation, PMN increased throughout the lung
interstitium and accumulated within focal areas of consolida-
tion (Fig. 4B). The number of macrophages per hpf were 4.5-,
2-, 2.6-, and 2.6-fold higher in the lungs of Ureaplasma-inocu-
lated mice at 1, 2, 14, and 28 days, respectively, than in controls
(all P � 0.05) (Fig. 5). There were few alveolar and interstitial
inflammatory cells in untreated and broth-inoculated controls.

U. urealyticum pneumonia-mediated lung injury. Despite the
influx of inflammatory cells, there were no differences in BAL

protein concentration during the first 28 days (Fig. 6), suggest-
ing that pulmonary vascular endothelial barrier function re-
mained intact. The histology in infected mice was marked by
progressive focal loss of the airway ciliated epithelium and a
mild increase in interstitial cellularity (Fig. 7). By 28 days
postinoculation, marked multifocal squamous metaplasia of
the airway epithelia of infected mice was observed. Focal peri-
bronchiolar granulomas with macrophage predominance, in-
creased bronchiolar-associated lymphoid tissue, and multifocal
areas of mild emphysema were common features at 28 days
postinoculation (Fig. 7C).

Cytokine response in U. urealyticum-infected lungs is modest
and delayed. Analysis of BAL cytokine composition revealed
moderate reductions in TNF-� (47%) at 3 days and MCP-1
(73%) at 7 days in Ureaplasma-inoculated mice (P � 0.05)
(Fig. 8A and B). However, by 14 days postinoculation, there
was a trend toward increased TNF-�, and by 28 days there was
an increase in GM-CSF (Fig. 8C) and IL-10 (Fig. 8D) in the
Ureaplasma-inoculated mice. There were no significant differ-
ences in MIP-2, KC, IL-6, or IL-11 between Ureaplasma-inoc-
ulated mice and either sham-inoculated or untreated controls
(data not shown).

DISCUSSION

By serial adaptation of U. urealyticum to the C3H/HeN
mouse strain, we have developed the first juvenile model of
Ureaplasma pneumonia. The infection was characterized by
three distinct phases: (i) acute inflammation (days 1 to 2), (ii)
apparent resolution of acute inflammation (days 3 to 7), and
(iii) chronic inflammation and mild lung injury (days 14 to 28).
The first phase was characterized by an influx of PMN and
macrophages in the airways and lung tissue without significant

FIG. 1. U. urealyticum clearance from inoculated mice. Lungs of
Ureaplasma-inoculated mice were homogenized and cultured in 10B
broth, and PCR of BAL DNA was performed. Data are expressed as
the percentages of animals who were Ureaplasma positive by one or
both methods (black bars), lung culture positive (hatched bars), or
BAL PCR positive (cross-hatched bars) on each day postinoculation

FIG. 2. BAL inflammatory cell number after U. urealyticum inocu-
lation. Lungs of Ureaplasma-inoculated animals were lavaged in situ
with two 1-ml aliquots of PBS. Total-cell counts were performed man-
ually with a hemacytometer. Data are expressed as the means � SE of
the numbers of cells per milliliter of BAL in broth-inoculated controls
(solid squares) and Ureaplasma-inoculated mice (solid circles) from 1
to 28 days postinoculation. �, P � 0.05 compared to controls of the
same day; †, P � 0.05 compared to Ureaplasma group at all other time
points.
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elevations of cytokines or chemokines. During the second
phase, levels of inflammatory cells in the Ureaplasma-inocu-
lated lungs were similar to that of controls, and BAL concen-
trations of TNF-� and MCP-1 in infected mice were lower than
those in control mice. Despite clearance of organisms by 14
days postinoculation, there were persistent abnormalities of
the airway epithelium and chronic inflammation from 14 to 28
days postinoculation.

Differences in host factors and isolate virulence may affect
the ability to adapt Ureaplasma to a nonhuman host. A new-
born-mouse Ureaplasma pneumonia model demonstrated strain
and age differences in susceptibility to infection. Rudd and
coworkers (39) were able to infect C3H/HeN newborn mice
with human newborn-derived, mouse-adapted serotypes 1 and
10 and, to a lesser extent, C57BL/6N newborn mice and 14-
day-old mice of either strain. We also observed differences in
mouse strain susceptibility and isolate virulence. Initial at-
tempts to infect CD-1 outbred mice with the ATCC serotype 3
reference strain or the biovar 2 clinical isolate were unsuccess-
ful. Only the C3H/HeN mice were successfully infected with
the clinical isolate. Differences in the inoculation method may
also account for differences in infection rates in the present
study and the study of Rudd et al. (39). In the newborn mouse
model, the mice were inoculated intranasally while awake.
Since swallowing was not suppressed, the 2-week-old mice may
have swallowed rather than aspirated the inoculum. In the
present study swallowing was inhibited by deep anesthesia and
the inoculum was directly aspirated.

The histopathologic findings of our juvenile-mouse model
are similar to those observed in stillborn (13) and full-term
human infants (6, 36, 45) and in a newborn primate model of
Ureaplasma pneumonia (46). A hallmark feature in these stud-
ies is the focal loss of ciliated respiratory epithelium. Immu-
nofluorescence of term infant lung infected with Ureaplasma
serotype 8 (biovar 2) revealed adherence of organisms in fine
clumps and strands along alveoli and terminal bronchioles
(36). In a second case report of a Ureaplasma-infected stillborn

fetus, scanning electron microscopy of the trachea showed
focal areas of decreased ciliated epithelial cells, with residual
cilia being clumped or flattened (13). In the present study,
epithelia of large and small airways were affected, with changes
apparent as early as 24 h postinoculation and persisting
throughout the period of study. We speculate that airway ep-
ithelial injury may follow adherence of Ureaplasma to the cells
and utilization of host cell nutrients and local release of toxins
such as ammonia, hydrogen peroxide, or other hemolysins
(14). Inhibition of ciliary function has been proposed as a
pathogenic mechanism for other mycoplasmas (7) and may
increase host susceptibility to secondary infection due to de-
creased clearance of inhaled pathogens. The epithelial injury
observed in the present study differs significantly from that due
to murine M. pulmonis infection, of which hyperplasia of air-
way epithelium is characteristic (41). The observed airway in-
jury is unlikely to be due to the inoculation method, since
similar lesions were not observed in broth-inoculated control
animals.

There was an inflammatory-cell influx in the lungs of Urea-
plasma-inoculated mice. There was an early influx at 24 to 48 h
characterized initially by an increase in neutrophils in the bron-
choalveolar and interstitial compartments and subsequently by
macrophages in both compartments. Increases in BAL and
interstitial neutrophils and macrophages were again evident
during the chronic phase (days 14 to 28). This is similar to
histologic findings in experimental animal models of U. urea-
lyticum infection (8, 39, 46) and in human Ureaplasma-infected
preterm (43) and full-term (6, 36, 45) infants dying with acute
pneumonia. Murine models of Mycoplasma pneumoniae dem-
onstrated a different pattern of inflammation. In these models,
there were more intense acute peribronchiolar, bronchiolar,
and perivascular infiltrates that resolved by 3 to 4 weeks posti-
noculation (20, 29). In contrast, chronic naturally acquired
M. pulmonis infection in rodents is characterized by peribron-
chial lymphoid hyperplasia (41).

In the present study, U. urealyticum inoculation of sponta-

FIG. 3. BAL inflammatory cell composition after U. urealyticum inoculation. Lungs of sham-inoculated and Ureaplasma-inoculated animals
were lavaged in situ with PBS. Total-cell counts were performed manually with a hemacytometer, and differential cell counts of Diff-Quick-stained
cytopreparations were performed. Data are expressed as the means � SE of the total number of neutrophils (A) and total number of macrophages
(B). White bars, broth-inoculated controls; black bars, Ureaplasma-inoculated animals. �, P � 0.05 compared to controls inoculated with broth on
the same day; †, P � 0.05 compared to Ureaplasma group at all other time points; ‡, P � 0.05 compared to day 14 Ureaplasma group.
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neously breathing mice did not stimulate significant increases
in BAL cytokines or chemokines during the acute phase of
infection. TNF-� concentrations were lower in Ureaplasma-
infected animals at 3 days postinoculation but tended to be

higher than control levels 14 days postinoculation, coinciding
with an influx of PMN and macrophages. This time course
suggests that Ureaplasma may interfere with the early innate
immune response but may subsequently lead to chronic, dys-

FIG. 4. Changes in the number of PMN immunoreactive cells in
the lung after U. urealyticum inoculation. Cryosections (8 �m) of OCT-
embedded, acetone-fixed lungs from Ureaplasma- and sham-inocu-
lated mice were immunostained with biotinylated rat anti-mouse Gr-1
antibody and counterstained with hematoxylin. (A) Data are expressed
as the means � SE of the numbers of positively stained PMN per hpf
in four fields from comparable regions in each slide. White bars, sham-
inoculated controls; black bars, Ureaplasma-inoculated animals. (B to
E) Representative immunostained sections of lungs 2 days postinocu-
lation from a broth-inoculated control mouse (B) and a Ureaplasma-
inoculated mouse (C) and 14 days postinoculation from a broth-inoc-
ulated control mouse (D) and a Ureaplasma-inoculated mouse (E).
Arrows, immunoreactive PMN. �, P � 0.05 compared to controls in-
oculated with broth on the same day.
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regulated inflammation. The contention that attenuating early
proinflammatory events can lead to chronic inflammation is
supported by studies showing that TNF-�-deficient mice
mount an inflammatory response that is dysregulated and le-
thal rather than self-limited when challenged with heat-killed
Corynebacterium parvum (28).

While pulmonary cytokine expression tends to increase dur-
ing the chronic rather than the acute phase of Ureaplasma
infection in juvenile mice, respiratory tract colonization with U.
urealyticum in preterm intubated infants has been associated

with increased tracheal aspirate concentrations of TNF-� (34),
IL-1� (17, 18, 34), IL-8 (4, 18), and MCP-1 (4). However, many
if not all affected infants are infected in utero so that day 1 of
life may represent the chronic phase of infection. Immunohis-
tochemical studies of autopsy lung specimens demonstrated
that pulmonary macrophages in infants who died during the
chronic phase of Ureaplasma pneumonia expressed TNF-�
(43). Since all infants in these studies were intubated and
mechanically ventilated with variable supplemental oxygen ex-
posure, the effects of Ureaplasma alone cannot be distin-

FIG. 5. Changes in the number of macrophage immunoreactive
cells in the lung after U. urealyticum inoculation. Cryosections (8 �m)
of OCT-embedded, acetone-fixed lungs from Ureaplasma- and sham-
inoculated mice were immunostained with rat anti-mouse Mac-3 and
counterstained with hematoxylin. (A) Data are expressed as the means
� SE of the numbers of positively stained macrophages per hpf in four
fields from comparable regions in each slide. White bars, sham-inoc-
ulated controls; black bars, Ureaplasma-inoculated animals. (B to E)
Representative immunostained sections of lungs 2 days postinocula-
tion from a broth-inoculated control mouse (B) and a Ureaplasma-
inoculated mouse (C) and 14 days postinoculation from a broth-inoc-
ulated control mouse (D) and a Ureaplasma-inoculated mouse (E). �,
P � 0.05 compared to controls inoculated with broth on the same day.
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guished from the combined effects of lung injury from baro-
trauma and/or hyperoxia. This is consistent with the hypothesis
that Ureaplasma is a cofactor rather than a primary factor in
neonatal lung injury.

In vitro studies demonstrated that high inocula of Urea-
plasma (�106 CCU/ml) stimulated TNF-� release by pre-
term cord blood monocytes (27), RAW 264.7, a murine
macrophage cell line (9), THP-1, a human monocytic cell
line, NR 8383, a rat alveolar macrophage cell line, and
human lung macrophages isolated from tracheal aspirates
from preterm infants (26). However, Ureaplasma serotype 3
(U. parvum, biovar 1) at low inoculum (103 CCU), which
might be more representative of human lung colonization,
stimulated only low levels of TNF-� release by cultured
preterm monocytes but greatly augmented LPS-induced
TNF-� release by the same cells (27). These data suggest
that Ureaplasma infection in juvenile mice and human neo-
nates causes little acute inflammation but that chronic air-
space inflammation develops and is characterized by PMN
and macrophage recruitment, which might alter the re-
sponse to subsequently inhaled pathogens or other inflam-
matory stimuli.

FIG. 6. Effect of U. urealyticum infection on BAL protein concen-
tration during the month postinoculation. Lungs of sham-inoculated
and Ureaplasma-inoculated animals were lavaged in situ with PBS.
BAL protein was measured by the Bradford method (5). Data are
expressed as means � SE. White bars, sham-inoculated controls; black
bars, Ureaplasma-inoculated mice.

FIG. 7. Histopathologic appearance of lungs of U. urealyticum-inoculated mice 1 month postinoculation. Hematoxylin-stained sections of
formalin-fixed paraffin-embedded lungs from sham-inoculated and Ureaplasma-inoculated mice were analyzed. There was focal loss of airway
ciliated epithelia in Ureaplasma-inoculated mice (A, arrows) compared to preserved normal epithelia in sham-inoculated controls (B). Focal
peribronchial granulomas were evident 28 days postinoculation in Ureaplasma-inoculated mice (C, arrowhead).

VOL. 70, 2002 MURINE MODEL OF UREAPLASMA UREALYTICUM PNEUMONIA 5727



ACKNOWLEDGMENT

This work was supported by the American Lung Association of
Maryland.

REFERENCES

1. Abele-Horn, M., O. Genzel-Boroviczeny, T. Uhlig, A. Zimmermann, J. Pe-
teres, and M. Scholz. 1998. Ureaplasma urealyticum colonization and bron-
chopulmonary dysplasia: a comparative prospective muticentre study. Eur.
J. Pediatr. 157:1004–1011.

2. Abele-Horn, M., C. Wolff, P. Dressel, F. Pfaff, and A. Zimmermann. 1997.
Association of Ureaplasma urealyticum biovars with clinical outcome for
neonates, obstetric patients, and gynecological patients with pelvic inflam-
matory disease. J. Clin. Microbiol. 35:1199–1202.

3. Bagchi, A., R. M. Viscardi, V. Taciak, J. E. Ensor, K. A. McCrea, and J. D.
Hasday. 1994. Increased activity of interleukin-6 but not tumor necrosis
factor-� in lung lavage of premature infants is associated with the develop-
ment of bronchopulmonary dysplasia. Pediatr. Res. 36:244–252.

4. Baier, R. J., J. Loggins, and T. E. Kruger. 2001. Monocyte chemoattractant
protein-1 and interleukin-8 are increased in bronchopulmonary dysplasia:
relation to isolation of Ureaplasma urealyticum. J. Investig. Med. 49:362–369.

5. Bradford, M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

6. Brus, F., W. M. van Waarde, C. Schoots, and S. B. Oetomo. 1991. Fatal
ureaplasmal pneumonia and sepsis in a newborn infant. Eur. J. Pediatr.
150:782–783.

7. Cassell, G. H., and A. Hill. 1979. Murine and other small-animal mycoplas-
mas, p. 235–271. In J. G. Tully and R. F. Whitcomb (ed.), The mycoplasmas,
vol. II. Academic Press, New York, N.Y.

8. Crouse, D. T., G. H. Cassell, K. B. Waites, J. M. Foster, and G. Cassady.
1990. Hyperoxia potentiates Ureaplasma urealyticum pneumonia in newborn
mice. Infect. Immun. 58:3487–3493.

9. Crouse, D. T., B. K. English, L. Livingston, and E. A. Meals. 1998. Genital
mycoplasmas stimulate tumor necrosis factor-� and inducible nitric oxide
synthase production from a murine macrophage cell line. Pediatr. Res.
44:785–790.

10. Crouse, D. T., G. T. Odrezin, G. R. Cutter, J. M. Reese, W. B. Hamrick, K. B.
Waites, and G. H. Cassell. 1993. Radiographic changes associated with
tracheal isolation of Ureaplasma urealyticum from neonates. Clin. Infect. Dis.
17(Suppl. 1):S122–S130.

11. Czermak, B. J., H. P. Friedl, and P. A. Ward. 1999. Role and regulation of
chemokines in rodent models of lung inflammation. ILAR J. 40:163–166.

12. Dallaire, F., N. Ouellet, Y. Bergeron, V. Turmel, M. C. Gauthier, M. Simard,
and M. G. Bergeron. 2001. Microbiological and inflammatory factors asso-
ciated with the development of pneumococcal pneumonia. J. Infect. Dis.
184:292–300.

13. Dischle, M. R., P. A. Quinn, E. Czegledy-Nagy, and J. M. Sturgess. 1979.
Genital mycoplasma infection. Intrauterine infection: pathologic study of the
fetus and placenta. Am. J. Clin. Pathol. 72:167–174.

14. Glass, J. I., E. J. Lefkowitz, J. S. Glass, C. R. Heiner, E. Y. Chen, and G. H.
Cassell. 2000. The complete sequence of the mucosal pathogen Ureaplasma
urealyticum. Nature 407:757–762.

15. Gomez, R., F. Ghezzi, R. Romero, H. Munoz, J. E. Tolosa, and I. Rojas. 1995.
Premature labor and intra-amniotic infection. Clin. Perinatol. 22:281–342.

16. Grattard, F., B. Soleihac, B. De Barbeyrac, C. Bebear, P. Seffert, and B.
Pozzetto. 1995. Epidemiologic and molecular investigations of genital myco-
plasmas from women and neonates at delivery. Pediatr. Infect. Dis. J. 14:
853–858.

17. Groneck, P., B. Goetze-Speer, and C. P. Speer. 1996. Inflammatory bron-

FIG. 8. Effect of U. urealyticum inoculation on BAL cytokine concentrations. Cytokines in BAL were measured by using standard two-antibody
ELISA with commercial antibody pairs and recombinant standards. (A) TNF-�; (B) MCP-1; (C) GM-CSF; (D) IL-10. Data are expressed as means �
SE. White bars, sham-inoculated controls; black bars, Ureaplasma-inoculated mice. �, P � 0.05 compared to controls inoculated on the same day.

5728 VISCARDI ET AL. INFECT. IMMUN.



chopulmonary response of preterm infants with microbial colonisation of the
airways at birth. Arch. Dis. Child. Fetal Neonatal Ed. 74:F51-F55.

18. Groneck, P., J. Schmale, V. Soditt, H. Stutzer, B. Gotze-Speer, and C. P.
Speer. 2001. Bronchoalveolar inflammation following airway infection in
preterm infants with chronic lung disease. Pediatr. Pulmonol. 31:331–338.

19. Hannaford, K., D. A. Todd, H. Jeffrey, E. John, K. Byth, and G. L. Gilbert.
1999. Role of Ureaplasma urealyticum in lung disease of prematurity. Arch.
Dis. Child. Fetal Neonatal Ed. 81:F162–F167.

20. Hardy, R. D., H. S. Jafri, K. Olsen, M. Wordemann, J. Hatfield, B. B. Rogers,
P. Patel, L. Duffy, G. Cassell, G. H. McCracken, and O. Ramilo. 2001.
Elevated cytokine and chemokine levels and prolonged pulmonary airflow
resistance in a murine Mycoplasma pneumoniae pneumonia model: a micro-
biologic, histologic, immunologic, and respiratory plethysmographic profile.
Infect. Immun. 69:3869–3876.

21. Jiang, Q., A. S. Cross, I. S. Singh, T. T. Chen, R. M. Viscardi, and J. D.
Hasday. 2000. Febrile core temperature is essential for optimal host defense
in bacterial peritonitis. Infect. Immun. 68:1265–1270.

22. Jones, C. A., R. G. Cayabyab, K. Y. C. Kwong, C. Stotts, B. Wong, H.
Hamdan, P. Minoo, and R. A. de Lemos. 1996. Undetectable interleukin
(IL)-10 and persistent IL-8 expression early in hyaline membrane disease: a
possible developmental basis for the predisposition to chronic lung inflam-
mation in preterm newborns. Pediatr. Res. 39:966–975.

23. Kong, F., G. James, M. Zhenfang, S. Gordon, B. Wang, and G. L. Gilbert.
1999. Phlyogenetic analysis of Ureaplasma urealyticum—support for the es-
tablishment of a new species, Ureaplasma parvum. Int. J. Syst. Bacteriol.
49:1879–1889.

24. Kong, F., Z. Ma, G. James, S. Gordon, and G. L. Gilbert. 2000. Species
identification and subtyping of Ureaplasma parvum and Ureaplasma urealyti-
cum using PCR-based assays. J. Clin. Microbiol. 38:1175–1179.

25. Kotecha, S. 1996. Cytokines in chronic lung disease of prematurity. Eur.
J. Pediatr. 155(Suppl. 2):S14–S17.

26. Li, Y. H., A. Brauner, B. Jonsson, I. van der Ploeg, O. Soder, M. Holst, J. S.
Jensen, H. Lagercrantz, and K. Tullus. 2000. Ureaplasma urealyticum-in-
duced production of proinflammatory cytokines by macrophages. Pediatr.
Res. 48:114–119.

27. Manimtim, W. M., J. D. Hasday, L. Hester, K. D. Fairchild, J. C. Lovchik,
and R. M. Viscardi. 2001. Ureaplasma urealyticum modulates endotoxin-
induced cytokine release by human monocytes derived from preterm and
term newborns and adults. Infect. Immun. 69:3906–3915.

28. Marino, M. W., A. Dunn, D. Grail, M. Inglese, Y. Noguchi, E. Richards, A.
Jungbluth, H. Wada, N. Moore, B. Williamson, S. Basu, and L. J. Old. 1997.
Characterization of tumor necrosis factor-deficient mice. Proc. Natl. Acad.
Sci. USA 94:8093–8098.

29. Martin, R. J., W. C. Hong, J. M. Honour, and R. J. Harbeck. 2001. Airway
inflammation and bronchial hyperresponsiveness after Mycoplasma pneu-
moniae infection in a murine model. Am. J. Respir. Cell Mol. Biol. 24:577–
582.

30. Ollikainen, J., H. Hiekkaniemi, M. Korppi, H. Sarkkinen, and K. Heinonen.
1993. Ureaplasma urealyticum infection associated with acute respiratory
insufficiency and death in premature infants. J. Pediatr. 122:756–760.

31. Paine, R., III, S. B. Morris, H. Jin, S. E. Wilcoxen, S. M. Phare, B. B. Moore,
M. J. Coffey, and G. B. Toews. 2001. Impaired functional activity of alveolar
macrophages from GM-CSF-deficient mice. Am. J. Physiol. Lung Cell Mol.
Physiol. 281:L1210–L1218.

32. Panero, A., L. Pacifico, M. Roggini, and C. Chiesa. 1995. Ureaplasma urea-
lyticum as a cause of pneumonia in preterm infants: analysis of the white cell
response. Arch. Dis. Child. 73:F37–F40.

33. Papoff, P., R. D. Christensen, D. A. Calhoun, and S. E. Juul. 2001. Granu-
locyte colony-stimulating factor, granulocyte macrophage colony-stimulating
factor and neutrophils in the bronchoalveolar lavage fluid of premature
infants with respiratory distress syndrome. Biol. Neonate 80:133–141.

34. Patterson, A. M., V. Taciak, J. Lovchik, R. E. Fox, A. B. Campbell, and R. M.
Viscardi. 1998. Ureaplasma urealyticum respiratory tract colonization is as-
sociated with an increase in IL-1� and TNF-� relative to IL-6 in tracheal
aspirates of preterm infants. Pediatr. Infect. Dis. J. 17:321–328.

35. Perzigian, R. W., J. T. Adams, G. M. Weiner, M. A. Dipietro, L. K. Blythe,
C. L. Pierson, and R. G. Faix. 1998. Ureaplasma urealyticum and chronic lung
disease in very low birth weight infants during the exogenous surfactant era.
Pediatr. Infect. Dis. J. 17:620–625.

36. Quinn, P. A., J. E. Gillan, T. Markestad, M. A. St. John, A. Daneman, K. I.
Lie, H. C. Li, E. Czegledy-Nagy, and A. Klein. 1985. Intrauterine infection
with Ureaplasma urealyticum as a cause of fatal neonatal pneumonia. Pediatr.
Infect. Dis. 4:538–543.

37. Rodwell, A. W., and R. F. Whitcomb. 1983. Methods for direct and indirect
measurement of mycoplasma growth, p. 185–196. In S. Razin and J. G. Tully
(ed.), Methods in mycoplasmology, vol. 1. Academic Press, Inc, New York,
N.Y.

38. Romero, R., B. H. Yoon, M. Mazor, R. Gomez, R. Gonzalez, M. P. Diamond,
P. Baumann, H. Araneda, J. Kenney, D. B. Cotton, and P. Seghal. 1993. A
comparative study of the diagnostic performance of amniotic fluid glucose,
white blood cell count, interleukin-6, and Gram stain in the detection of
microbial invasion in patients with preterm premature rupture of mem-
branes. Am. J. Obstet. Gynecol. 169:839–851.

39. Rudd, P. T., G. H. Cassell, K. B. Waites, J. K. Davis, and L. B. Duffy. 1989.
Ureaplasma urealyticum pneumonia: experimental production and demon-
stration of age-related susceptibility. Infect. Immun. 57:918–925.

40. Shepard, M. C. 1983. Culture media for ureaplasmas, p. 137–146. In S. Razin
and J. G. Tully (ed.), Methods in mycoplasmology, vol. 1. Academic Press,
New York, N.Y.

41. Simecka, J. W., J. K. Davis, M. K. Davidson, S. E. Ross, C. T. K.-H.
Stadtlander, and G. H. Cassell. 1992. Mycoplasma diseases of animals, p.
391–415. In J. Maniloff, R. N. McEllhaney, L. R. Finch, and J. B. Baseman
(ed.), Mycoplasmas: molecular biology and pathogenesis. American Society
for Microbiology, Washington, D.C.

42. Standiford, T. J., R. M. Strieter, N. W. Lukacs, and S. L. Kunkel. 1995.
Neutralization of IL-10 increases lethality in endotoxemia. Cooperative ef-
fects of macrophage inflammatory protein-2 and tumor necrosis factor.
J. Immunol. 155:2222–2229.

43. Viscardi, R. M., W. M. Manimtim, C. C. J. Sun, L. Duffy, and G. H. Cassell.
2002. Lung pathology in premature infants with Ureaplasma urealyticum
infection. Pediatr. Dev. Pathol. 5:141–150.

44. Waites, K. B., D. T. Crouse, and G. H. Cassell. 1993. Systemic neonatal
infection due to Ureaplasma urealyticum. Clin. Infect. Dis. 17(Suppl. 1):
S131–S135.

45. Waites, K. B., D. T. Crouse, J. B. Philips, K. C. Canupp, and G. H. Cassell.
1989. Ureaplasmal pneumonia and sepsis associated with persistent pulmo-
nary hypertension of the newborn. Pediatrics 83:79–85.

46. Walsh, W. F., J. Butler, J. Coalson, D. Hensley, G. H. Cassell, and R. A. de
Lemos. 1993. A primate model of Ureaplasma urealyticum infection in the
premature infant with hyaline membrane disease. Clin. Infect. Dis. 17(Suppl.
1):S158–S162.

47. Wang, E. L., A. Ohlsson, and J. D. Kellner. 1995. Association of Ureaplasma
urealyticum colonization with chronic lung disease of prematurity: Results of
a metaanalysis. J. Pediatr. 127:640–644.

48. Yoon, B. H., J. W. Chang, and R. Romero. 1998. Isolation of Ureaplasma
urealyticum from the amniotic cavity and adverse outcome in preterm labor.
Obstet. Gynecol. 92:77–82.

49. Zheng, X., H. L. Watson, K. B. Waites, and G. H. Cassell. 1992. Serotype
diversity and antigen variation among invasive isolates of Ureaplasma urea-
lyticum from neonates. Infect. Immun. 60:3472–3474.

Editor: E. I. Tuomanen

VOL. 70, 2002 MURINE MODEL OF UREAPLASMA UREALYTICUM PNEUMONIA 5729


